Benzalkonium chloride (BAC), used to extract intracellular ATP, interferes with subsequentˆre‰y luciferase-luciferin assays. There was a signiˆcant diŠer-ence among wild-type luciferases with respect to BAC resistance. Luciola lateralis luciferase (LlL) was the most tolerant, followed by Luciola cruciata luciferase (LcL) and Photinus pyralis luciferase. Random mutagenesis of thermostable mutants of LcL showed that the Glu490Lys mutation contributes to improved resistance to BAC. The corresponding Glu490Lys mutation was introduced into thermostable mutants of LlL by sitedirected mutagenesis. Kinetic analysis demonstrated that the resultant LlL-217L490K mutant, having both an Ala217Leu and a Glu490Lys mutation, showed the highest resistance to BAC, with an initial remaining bioluminescence intensity of 87.4% and a decay rate per minute of 29.6% in the presence of 0.1% BAC. The Glu490Lys mutation was responsible for increased resistance to inactivation but not inhibition by BAC. The LlL-217L490K had identical thermostability and pH stability to the parental thermostable mutant. From these results, it was concluded that the LlL-217L490K enzyme is advantageous for hygiene monitoring and biomass assays based on the ATP-bioluminescence methodology. This is theˆrst report demonstrating improved resistance to BAC of theˆre‰y luciferase enzyme.
Key words: ATP-bioluminescence;ˆre‰y luciferase; benzalkonium chloride; hygiene monitoring; biomass assay Theˆre‰y luciferase enzyme generates light in proportion to the quantity of ATP in the test sample. Because of its speed, simplicity, and high sensitivity for ATP, this ATP-bioluminescence (BL) technique has been used extensively for hygiene monitoring and biomass assays in various industries, including the food, 1) environmental, 2) pharmaceutical, 3) cosmetic, 3, 4) and space industries, 5) as well as in clinical testing. 6) Increases in the thermostability of luciferase by Kajiyama and Nakano, 7, 8) followed by White et al. 9) and Hall et al., 10) contributed to the improved stability of the luciferase-luciferin reagent, which increased the applicability of this ATP-BL technique.
Hygiene monitoring measures the sum of extracellular and intracellular ATP, while biomass assays measure just the intracellular ATP after removal of extracellular ATP. Therefore, the extraction of intracellular ATP is critical to obtaining precise results using either assay. A great variety of extraction methods using acids, organic solvents, or boiling buŠers has been investigated with respect to yield of intracellular ATP.
11) These studies indicated that extraction with trichloroacetic acid allowed for the most accurate assessment of intracellular ATP in microbial cells. 12, 13) However, trichloroacetic acid strongly interfered with subsequent luciferase-luciferin assays unless extracts were highly diluted before the assay, resulting in decreased sensitivity of intracellular ATP measurements.
As an alternative extractant, cationic detergents, especially benzalkonium chloride (BAC), proved to be as eŠective as trichloroacetic acid in extracting intracellular ATP. [14] [15] [16] Although BAC interfered less with the luciferase reaction than trichloroacetic acid did, the course of experiments using Photinus pyralis luciferase (PpL) showed that PpL lacks resistance to BAC even at practical concentrations required to extract intracellular ATP, thereby yielding erroneous data. In eŠorts to avoid the interference from BAC with the luciferase reaction, bovine serum albumin (BSA) was found to be eŠective in 1979. 14) Since then, it has been reported that lecithin, 17) nonionic detergents, 18) cyclodextrins, 19, 20) and medium-chain fatty acids 21) had similar neutralizing eŠects on BAC. These compounds allowed the use of higher concentrations of BAC without aŠecting subsequent lucifer-ase-luciferin assays; however, some neutralizers showed insu‹cient neutralizing eŠects, or a strong inhibition to the luciferase assay. Moreover, in a test of samples containing contaminants such as proteins or lipids, the working concentration of neutralizers decreased to the point where a su‹cient neutralizing eŠect could not be generated because the neutralizers also bound to these contaminants.
The purpose of this study was to develop a novel luciferase with increased resistance to BAC, thus allowing for higher concentrations of BAC during the extraction procedure. We began this study with a comparison of resistance to BAC of wild-type luciferases, and identiˆed an amino acid substitution responsible for improved resistance, using random mutagenesis and subsequent screening. Then a mutant with the highest resistance was generated by introduction of the substitution using site-directed mutagenesis. In the course of these experiments, thermostable mutant luciferases were used as the starting point of mutagenesis, because stability is one of the most important properties required for a commercial reagent. Furthermore, we evaluated resistance of the enzymes to inhibition and inactivation as well as enzymatic properties.
Materials and Methods
Plasmids, microorganisms, and media. Plasmids pGLf37-217Ile and pGLf37-217Leu, 7) which code for thermostable mutants of LcL, LcL-217I and LcL-217L, were used for random mutagenesis. In these variants, the Thr residue at position 217 in the amino acid sequence of wild-type LcL is replaced by Ile in LcL-217I and Leu in LcL-217L. Plasmids pHLf7-217I 8) and pHLf107, 22) encoding thermostable mutants of LlL, LlL-217I and LlL-217L, were used for site-directed mutagenesis. The Ala residue at position 217 in wild-type LlL is replaced by Ile in LlL-217I and Leu in LlL-217L, in which the EcoRI site is eliminated by a silent mutation.
Escherichia coli JM 109 [recA1 supE 44 endA1 hsdR17 gyrA96 relA1 thi D(lac-pro) (F? traD36 proAB + lacI q Z DM15)] 23) was used as a carrier for recombinant plasmids and for the expression of luciferase cDNA. E. coli cells were cultured in LuriaBertani broth (1z Bacto tryptone, 0.5z Bacto yeast extract, 0.5z sodium chloride) with 50 mg W ml ampicillin when necessary.
Random mutagenesis and screening. Plasmids pGLf37-217Ile and pGLf37-217Leu were treated in a solution containing 800 mM hydroxylamine, 100 mM sodium phosphate, and 1 mM EDTA (pH 6.0) for 2 h at 659 C, according to the methods of Kironde et al.
24)
The mutagen-treated plasmids were precipitated with ethanol and redissolved in 10 mM Tris-HCl (pH 8.0) with 1 mM EDTA, followed by transformation of E. coli JM109. In order to obtain transformants producing active luciferase, colonies on Luria-Bertani plates containing ampicillin, after incubation of 12 h at 379 C, were transferred to nitrocellulosê lters. Theˆlters with the colonies were soaked with 0.5 mM luciferin in 100 mM sodium citrate buŠer (pH 5.0) for 5 min, and then exposed by contact to X-raŷ lm for 1 h in order to record the dim luminescence photographically. 7) One thousand transformants were obtained from each of the mutagen-treated pGLf37-217Ile and pGLf37-217Leu. After growth for 15 h at 379 C in 1 ml of Luria-Bertani broth containing ampicillin, E. coli pellets were resuspended in lysis buŠer consisting of 2 mM EDTA and 1 mg W ml lysozyme in 100 mM potassium phosphate (pH 7.8), incubated on ice for 15 min, and then frozen on dry ice. The frozen pellets were thawed at 259 C and cleared by centrifugation. The supernatant was screened by the method in the kinetic analysis of BL (see section below).
Site-directed mutagenesis. In order to replace Glu by Lys at position 490 in LlL-217L, site-directed mutagenesis in plasmid pHLf107 was done using two synthetic oligonucleotide primers with the following sequences:
5?-TGT TGT ACT TAA GAA AGG AAA AT-3? and 5?-ACA GCT CCC GGA AGC TCA CCA GC-3?. The former primer was designed to introduce the Glu490Lys mutation (boldface type) and create a unique endonuclease restriction site for A‰ II (underlined). This A‰ II site was used to screen for the desired mutant plasmid, pHLfLK. Site-directed mutagenesis was done with the polymerase chain reaction using KOD Dash (Toyobo Co., Ltd., Osaka, Japan), according to the manufacturer's instructions. The sequence of the ampliˆed luciferase cDNA was subsequently conˆrmed by DNA sequencing. The resultant mutant luciferase with two amino acid substitutions, Ala217Leu and Glu490Lys, was termed LlL-217L490K. Then the EcoRV-Nar I fragment of pHLfLK was inserted between the EcoRV site and the Nar I site of pHLf7-217I, yielding pHLfIK. This plasmid codes for a mutant with two amino acid substitutions, Ala217Ile and Glu490Lys, was named LlL-217I490K.
DNA sequencing. Various restriction fragments derived from mutant luciferase cDNA were subcloned into pUC118 or pUC119 and sequenced using a DNA Model 373A sequencer (Applied Biosystems, Foster, CA).
Puriˆcation of luciferase. The puriˆed PpL was obtained from Sigma (L-9506, St. Louis, MO). The other luciferases were puriˆed by the procedure previously described. 25) All luciferase preparations were dissolved in 25 mM Tricine buŠer (pH 7.8) containing 1 mM EDTA, 2 mM DTT, and 10z sucrose. Kinetic analysis of BL. Twenty-ˆve microliters of 0.4z BAC in 25 mM Tricine buŠer (pH 7.8) and 50 ml of substrate solution [4 mM ATP, 10 mM magnesium sulfate, 1.6 mM luciferin in 25 mM Tricine buŠer (pH 7.8)], were added to each well of a 96-well microtiter plate, Microlite 2 (Dynex Technologies, Inc., Chantilly, VA). The plate was placed in a microplate luminometer, MLX (Dynex Technologies, Inc., Chantilly, VA), and 25 ml of the luciferase solution diluted to 5 ng W ml with luciferase dilution buŠer, consisting of 25 mM Tricine buŠer (pH 7.8) containing 1 mM EDTA, 1 mM 2-mercaptoethanol, 5z glycerol, 10 mM magnesium sulfate, and 1z BSA, were injected into each well. From 5 s after injection, the BL intensity was monitored at intervals of 1 s for 60 s. As a control, 25 mM Tricine buŠer (pH 7.8) was added instead of 0.4z BAC in 25 mM Tricine buŠer.
Inhibitory eŠects of BAC on luciferase activity. Twenty-ˆve microliters of a 1.4-fold dilution series starting at 2z BAC in 25 mM Tricine buŠer (pH 7.8) were added to each well of a 96-well microtiter plate. For a control, 25 mM Tricine buŠer (pH 7.8) was used instead of the dilution series of BAC. The plate was placed in a microplate multilabel counter, 1420 ARVOSX (Wallac Oy, Turku, Finland), and 25 ml of a 2-fold higher concentration of substrate solution as well as 50 ml of a 5 ng W ml puriˆed luciferase solution were simultaneously injected into each well. Immediately after injection, the BL intensity was monitored at 0.1-s intervals for 10 s, and the peak BL intensity was analyzed for measurement of the BAC concentration required to inhibit half of the luciferase activity in the control. All the results are presented as mean±SD (n＝5).
Inactivating eŠects of BAC on luciferase activity. Fifty microliters of a 5 mg W ml puriˆed luciferase solution were mixed with 50 ml of a 1.25-fold dilution series starting at 0.2z BAC in 25 mM Tricine buŠer (pH 7.8). For a control, 25 mM Tricine buŠer (pH 7.8) was used instead of the dilution series of BAC. After being left at 259 C for 10 min, 10 ml of the mixture was transferred to 10 ml of the luciferase dilution buŠer. Fifty microliters of this dilution were injected into each well of a 96-well microtiter plate containing 50 ml of substrate solution placed in a 1420 ARVOSX counter. Immediately after injection, the BL intensity was monitored at 0.1-s intervals for 10 s, and the peak BL intensity was analyzed for measurement of the BAC concentration required to inactivate half of the luciferase activity in the control. All the results are given as mean±SD (n＝5).
Kinetic parameters for ATP. Fifty microliters of 10 mM magnesium sulfate, 1.6 mM luciferin, and 80 mM to 2 mM ATP in 25 mM Tricine buŠer (pH 7.8) were added to each well of a 96-well microtiter plate, and the plate was placed in a 1420 ARVOSX counter. Immediately after 50 ml of a 5 ng W ml puriˆed luciferase solution was injected into each well of the microtiter plate, the BL intensity was monitored at 0.1-s intervals for 10 s. Kinetic parameters, the maximum velocity (Vmax) and the Michaelis constant (Km) for ATP, were calculated from the peak BL intensity using Lineweaver-Burk plots. All the results are given as mean±SD (n＝5).
Results
Resistance of wild-type luciferases to BAC In the measurement of ATP, conventional luminometers integrate the emitted light for several to ten seconds after the start of measurement. Therefore, the kinetic analysis of BL in the presence of 0.1z BAC for 60 s was done to evaluate the resistance of luciferases to BAC. As shown in Fig. 1 , there was a signiˆcant diŠerence in resistance to BAC among wild-type luciferases. The initial remaining BL intensity of wild-type LlL was 68.7z, which was 1.88 and 3.60 times higher than the 36.5z of LcL and 19.1z of PpL, respectively. In contrast, the decay rate of light emission per minute of wild-type LlL was 61.9z, which corresponded to approximately two-thirds of the 97.9z of LcL and 95.7z of PpL. In sum, wild-type LlL generated the highest and most stable BL in the presence of BAC. These results suggest that LlL is the luciferase most resistant to BAC among wild-type luciferases. Wildtype PpL, which is almost exclusively the enzyme of choice for commercially available reagent for hygiene monitoring and biomass assays, had the signiˆcantly lower resistance to BAC than LlL.
Generation of mutant luciferases with increased resistance to BAC
In order to identify amino acid substitutions resulting in increased resistance to BAC, mutations were randomly introduced into thermostable LcL mutants. The resulting mutants were screened in a kinetic analysis of BL using cell-free extracts (Fig. 2) . Of the two isolated clones, LcL-217I-1, a variant of LcL-217I, showed improvement in both initial remaining BL intensity and decay of the light emission when compared to the parental LcL-217I protein. Another clone, LcL-217L-1, a variant of LcL-217L, showed similar initial remaining BL intensity and slightly less decay than the parental protein LcL-217L. We isolated plasmids of these two mutants and analyzed their nucleotide sequences. These mutants were found to carry the same G to A base change at nucleotide position 1,468 of the luciferase coding sequence. This base transition resulted in the substitution of a Glu (GAA) for a Lys (AAA) at position 490 of the amino acid sequence.
In order to investigate the general eŠects of this mutation on the resistance of luciferase to BAC and produce luciferases with greatly improved resistance to BAC, we introduced the Glu490Lys mutation into the thermostable mutants of LlL, LlL-217I and LlL-217L, using site-directed mutagenesis. The resultant mutant luciferases, LlL-217I490K and LlL-217L490K, were puriˆed, and their resistance to BAC was evaluated by the kinetic analysis of BL (Fig. 3) .
Both of these Glu490Lys mutants showed similar initial remaining BL intensity; however, each had decreased levels of light emission decay compared to each parental luciferase. In particular, the LlL-217L490K mutant showed the highest tolerance to BAC, with an initial remaining BL intensity of 87.4 z and a decay rate per minute of 29.6z in the presence of 0.1z BAC.
Resistance of mutant luciferases to inhibition and inactivation by BAC
BAC interferes with luciferase activity through both inhibition and inactivation mechanisms; inhibition leads to decreased light emission, while inactivation causes decay in light emission. We evaluated resistance of luciferases to inhibition and inactivation individually in diŠerent studies. The resistance to inhibition was measured from the peak BL intensity in the presence of BAC generated within 0.6 s after starting the light-generating reaction in order to exclude the inactivating eŠect by BAC as much as possible. In contrast, the resistance to inactivation was evaluated from the remaining activity after incubating luciferases in BAC solution for 10 min. From these results, we identiˆed the BAC concentrations needed to inhibit and inactivate half of the input luciferase activity.
As shown in Table 1 , the thermostable mutant LlL-217I was similarly inhibited by BAC as the wildtype LlL protein but was slightly more resistant to inactivation. Another thermostable mutant, LlL-217L, had decreased inhibition and inactivation caused by BAC. Introduction of the Glu490Lys mutation into these proteins improved their resistance to inactivation by BAC. The LlL-217L490K mutant protein, 2591 Fire‰y Luciferases with Resistance to Benzalkonium Chloride which showed the highest resistance to BAC in the kinetic analysis of BL, had the second highest resistance to inhibition and the highest resistance to inactivation. The BAC concentration causing a 50z decrease in LlL-217L490K luciferase activity was 0.230z for inhibition and 0.0602z for inactivation. These concentrations of BAC were 1.22-fold and 3.34-fold higher than those for wild-type PpL.
Enzymatic properties of mutant luciferases
The kinetic parameters for ATP are shown in Table 2 . The thermostable mutants LlL-217I and LlL-217L had lower K m and V max values than wildtype LlL but almost the same catalytic e‹ciency (Vmax W Km). The introduction of the Glu490Lys mutation caused decreases in Vmax values and increases in Km values, resulting in almost half of Vmax W Km values of the wild-type LlL. The comparative study of the thermostability showed that the Glu490Lys mutants had exactly the same stability as the parental thermostable mutants (data not shown). Additional properties of LlL-217L490K were also measured. The optimum pH and pH stability were 7.0-8.5 and 6.0-9.0, respectively; these values were in complete agreement with those of the parental thermostable luciferase LlL-217L. No loss in activity was observed when the enzyme was left at 259 C for 5 days. The Km for luciferin was 150 mM.
Discussion
While thermostability of luciferases has been previously examined, their resistance to cationic detergents has not yet been studied. This is theˆrst report demonstrating that wild-type luciferases diŠer in their resistance to BAC. Although the amino acid sequences are highly conserved between LlL and LcL with an overall similarity of 94z vs. 67z between LcL and PpL, 26) LlL showed much higher resistance than LcL and PpL, which had similar resistance. It is of interest that these results correlate with studies demonstrating that LlL has greater thermal and pH stability than LcL and PpL. 25) This may be because a limited number of amino acid residues that are the same in LcL and PpL but diŠerent in LlL are crucial for resistance to BAC. Alternatively, an overall conformational change, rather than a diŠerence in residues, may contribute to the diŠerences in resistance to BAC. A comparison of tertiary structure among these three luciferases might discover which amino acid residue or conformational change is responsible for the diŠerences. These diŠerences in resistance to BAC among wild-type luciferases and the existence of thermostable mutants strongly suggest the possibility of improving luciferase resistance to BAC by amino acid substitution using protein engineering.
We undertook two strategies involving random mutagenesis to select luciferases having increased resistance to BAC. First, we used thermostable mutants of LcL having relatively low levels of BAC resistance as the starting point for random mutagenesis. By starting with these luciferases, we hoped to be able to detect slight improvements in resistance following mutagenesis. The PpL was similar to LcL in resistance, however, it was considered unsuitable for parental luciferase for mutagenesis, because a lower thermostability of PpL would disturb precise evaluation of increased resistance due to spontaneous inactivation during the experiments. Second, we screened a library of random mutants by the kinetic analysis of BL. This assay result receives inhibitory and inactivating eŠects by BAC simultaneously, therefore, this can make a diŠerence in the resistance of luciferases clear compared to the analysis for each of inhibition and inactivation as shown in Table 1 . The combination of these two strategies enabled us to isolate LcL-217I-1 and LcL-217L-1, having slightly improved resistance.
The level of resistance of these two LcL variants did not reach that of LlL, which had the highest resistance to BAC among wild-type luciferases tested. Further study using this random mutagenesis and subsequent screening would allow for a generation of the LcL variants with greater resistance. However, we considered that mutants with higher resistance could be produced by the introduction of the Glu490Lys mutation into LlL. Actually, the resultant mutants, LlL-217I490K and LlL-217L490K, had improved resistance compared to parental thermostable LlL as expected, which means that this mutation has a general eŠect on the improved resistance. This study clearly showed a process for eŠectively obtaining the mutants with higher resistance to BAC.
The thermostable mutants of LlL, LlL-217I and LlL-217L, showed higher resistance to BAC than wild-type LlL, and the introduction of the Glu490Lys mutation resulted in a further improvement in resistance. These results indicate that amino acid substitutions at both position 217 and 490 contribute to increased resistance of the luciferase to BAC, but the mechanisms resulting in improved resistance would be diŠerent. According to the crystal structure of wild-type PpL, 27, 28) the equivalent amino acid at position 217 of LlL is buried in the core. Therefore, the increase of thermostability by amino acid replacement at position 217 has been considered to be due to an improvement in the density and rigidity of core packing, 9) resulting in more resistance to BAC, not only to heat denaturation. The thermostable mutants of kanamycin nucleotidyltransferase 29) and a-amylase 30) also show increased resistance to other types of protein denaturation agents, including surfactants. Unlike position 217, position 490 (Glu) in LlL, corresponding to position 488 in PpL, is located on the surface of the luciferase enzyme and is part of a loop in the compact C-terminal domain on a side of the large cleft separating the C-terminal and N-terminal domains. On the protein surface exposed to solvent, the replacement of Glu, an amino acid with an acidic charged side chain, with an oppositely charged amino acid, Lys, results in a signiˆcant loss of negative charge. Therefore, we propose the hypothesis that changes in ionic interaction of the luciferase with BAC, a positively charged surfactant, would result in improved resistance. Although this mutation is considered ineŠective on other forms of protein denaturation, the LlL-217I490K and LlL-217L490K mutants actually showed the same thermostability and pH stability as the parental enzymes, LlI-217I and LlL-217L. Further investigation, including generation of more mutants and analysis of their resistance, might make validity of the hypothesis clear.
In previous studies, 0.01z to 0.08z of BAC in the extraction mixture was used to extract intracellular ATP from microbes. 14, 15, 16, 31) In particular, 0.08z BAC allowed for the extraction of intracellular ATP from yeast cells, which has proven to be quite di‹cult because of their resistant cell envelopes. 15) For simple manipulation, reagents were added in this order: 100 ml of BAC solution was added to 100 ml of test sample, followed by 100 ml of the luciferaseluciferin reagent. In this protocol, 0.08z BAC in the extraction mixture corresponds to 0.05z in the BL assay mixture. The LlL-217L490K that showed the highest tolerance to BAC had an initial BL intensity of 87.4z and a decay rate of 29.6z per min even in the presence of a two-fold higher concentration of BAC (0.1z) in the kinetic analysis. In particular, improved resistance to inactivation greatly increases the usefulness of this luciferase enzyme because inactivation produces a rapid decay of light, which aŠects reproducibility of the BL data depending on the timing of the measurement after the light-generating reaction begins. For example, the LlL-217L490K showed a 14.1z reduction of BL, compared to a 21.6z of LlL-217L, a 26.1z of wild-type LlL, and a 61.4z of wild-type PpL, during theˆrst ten seconds, when conventional luminometers integrate the emitted light. In addition, this variant had identical thermostability and pH stability as the parental thermostable mutant, LlL-217L. From these results, it was concluded that the LlL-217L490K enzyme is advantageous for hygiene monitoring and biomass assays based on the ATP-BL methodology. Further investigation using the LlL-217L490K luciferaseluciferin reagent is aimed at discovering the concentration of BAC that allows su‹cient extraction of intracellular ATP from various microbes. The combination of LlL-217L490K and an optimized concentration of BAC will provide higher sensitivity and reproducibility to the traditional ATP-BL assays.
